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Magnetic propertyNi-doped mixed crystal TiO2 ﬁlms, Ti0.95Ni0.05O2, were fabricated on Si(100) substrates by sol–gel process.
The inﬂuences of annealing times on the structural, optical and magnetic properties were investigated. X-ray
diffraction measurement indicates that all the ﬁlms include anatase and rutile phases. The optical constants
were obtained byﬁtting ellipsometric spectrawithAdachi's dielectric functionmodel.With increasing rutile con-
tent, both the refractive index and the extinction coefﬁcient of the ﬁlms increase, but the optical band gap EOBG is
reduced. The refractive index at 600 nm abides by Drude's refractive indexmodel with increasing rutile fraction.
The magnetic evolution of the ﬁlms is from ferromagnetic, to paramagnetic and then ferromagnetic states with
increasing rutile fraction, which may be related to the magnetic polarons in the Ni-doped TiO2 ﬁlms. The results
indicate that optical and magnetic properties of Ni-doped TiO2 ﬁlms can be tuned by controlling phase fraction.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
Mixed materials, including disordered semiconductors, dielectric
mixtures and mixed crystal semiconductors, have been widely inves-
tigated due to their academic interest, actual and potential applica-
tion in many ﬁelds such as cheap solar cells, electrophotographic
printers and copiers, multilayer ﬁlters, antireﬂection coatings, and
photoelectric detectors [1–3]. Structural modiﬁcations of these mate-
rials will change their energy-band structures, and then tune their
electrical and optical properties, which are useful for exploiting the
application of the mixed materials.
In recent years, mixed crystal titanium dioxides (TiO2) containing
anatase and rutile phases have been more attractive because the
anatase–rutile-phase junction (ARJ) in the mixed crystal TiO2 improves
the spatial charge separation in the surface region and enhances the
photocatalytic activity [4–11]. The mixed crystal TiO2 can be fabricated
by controlling anatase to rutile phase transformation (ART) [12]. To the
best of our knowledge, many studies have been focused on the mixed
crystal TiO2 powders, whereas little research has been reported about
the mixed crystal TiO2 ﬁlms. Deloach et al. prepared the mixed crystalaterials and Devices, Ministry
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: +86 21 54345119.
ee.ecnu.edu.cn (P. Yang).
.V. Open access under CC BY-NC-SA TiO2 ﬁlms with sputtering system and studied the correlation between
structure and optical absorption of mixed crystal TiO2 ﬁlms [13]. They
suggested that the decrease of optical band gap is caused by the struc-
ture disorder due to the rutile phase. However, Ting et al. argued that
the electronic disorder due to oxygen vacancies from a higher oxidation
temperature results in the decrease of optical band gap [14]. Recently,
several groups investigated photocatalytic activity of mixed crystal
TiO2 ﬁlms and found that their activity was higher than single phase
TiO2 [4,6]. In our recent researches, the inﬂuence of Co and Ni doping
on the ART and optical properties of TiO2 ﬁlms has been studied
[15,16]. It is found that doping catalyzes the ART and then affects the
optical properties of TiO2 ﬁlms. In spite of these works, the correlation
between optical constants and phase composition in mixed TiO2 ﬁlms
is still deﬁcient, which are detrimental to their applications in the
potential photoelectric devices because optical properties are important
criteria for the selection of the applications of the fabricated ﬁlms.
In this paper, Ni-doped TiO2 thin ﬁlms were deposited on silicon
substrates by sol–gel processwith different annealing time. The correla-
tion between optical constants and phase composition in mixed crystal
Ti0.95Ni0.05O2 ﬁlms was studied. In addition, the evolution of magnetic
properties of mixed crystal Ti0.95Ni0.05O2 ﬁlms with phase composition
was also reported. These results will be useful for fabricating potential
optical and electronic device including TiO2, such as photocatalytic
and optical devices, gas and humidity sensors, and solar cells.
2. Experimental
5 mol% Ni-doped TiO2 ﬁlms were deposited on Si(100) substrates
by a sol–gel method. Ni content was deﬁned as the mol fraction (%) oflicense.
ab
Si
Ti0.95Ni0.05O2
Fig. 1. The top-view (a) and cross-section (b) SEM images of ﬁlm TN2.
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Fig. 2. Ni XPS spectra for ﬁlm TN2.
163H. Gao et al. / Surface & Coatings Technology 228 (2013) 162–166Ni ions to the sum of those of Ti and Ni ions in the precursor solutions.
In order to prepare Ni-doped TiO2 solution, analytically pure nickel
acetate (Ni[CH3COO]2) and titanium butoxide (Ti[O(CH2)3CH3]4) were
utilized as the starting materials. Ni doping was attained by dissolving
nickel acetate in a solution with an appropriate volume ratio of ethanol
(CH3CH2OH): acetic acid (CH3COOH) at 60 °C. Titanium butoxide and
equivoluminal amount of acetylacetone (CH3COCH2COCH3) were dis-
solved in ethanol at 30 °C. Then the two solutions were mixed slowly
together at room temperature. In order to get homogenous precursor,
the mixture was stirred drastically by the magnetic stirrer for 2 h at
50 °C. Finally, the 0.3 mol/L precursor solution was gotten, which was
transparent without precipitation after four months. The silicon sub-
strates were cleaned in an ultrasonic bath for 20 min using acetone
(CH3COCH3), ethanol, and deionized water respectively, and then
dipped in 1% hydroﬂuoric acid for 1 min in order to remove the native
oxide. The precursor solutions were spin-coated on silicon substrates
at 3500 rpm for 20 s. The thermal treatments of the ﬁlms were carried
out in rapid thermal processor in ambient atmosphere. Each layer of the
ﬁlms was dried at 200 °C for 2 min to evaporate the solvent, and then
rapidly heated to 380 °C for 3 min to remove the residual organics.
The spin-coating and thermal treatments were repeated six times. In
order to get mixed crystal ﬁlms with different rutile content, the ﬁlms
were annealed in mufﬂe furnace at 700 °C for different durations in
air with a heating rate of 5 °C/min and naturally cooled down to room
temperature. The annealing time is 8 min, 13 min, 19 min and 23 min
respectively, and the corresponding samples are named as TN1, TN2,
TN3 and TN4.
The surface morphology and ﬁlm thickness were investigated by
scanning electron microscopy (SEM, Hitachi S-4700). The valences of
Ni ions were determined by X-ray photoelectron spectroscopy (XPS,
PHI 550 ESCA/SAM). The microstructures of the Ni-doped TiO2 ﬁlms
were characterized by X-ray diffraction (XRD; D/max 2200VPC) using
CuKα radiation. The crystal structures of Ti0.95Ni0.05O2 samples were
characterized by X-ray diffraction (XRD, D/max 2200VPC) using Cu Kα
radiation (λ = 0.15471 nm) with a resolution of 0.04° and the 2θ
range from 10° to 65°. The X-ray source was operated at a power of
40 kV × 40 mA. The ellipsometric measurements were carried out by
a NIR–UV SE in the wavelength range of 300–826 nm (1.5–4.1 eV)
with a spectral resolution of 2 nm (SC630UVN; Shanghai Sanco Instru-
ment, Co., Ltd.). The incident angle was selected to 70° for the ﬁlms cor-
responding to the experimental optimization near the Brewster angle of
the Si(100) substrates. Magnetic measurements were performed at
300 K using a vibrating sample magnetometer (PPMS-9 Quantum
Design), and the measured sample size is about 2 mm × 10 mm. All
the measurements were carried out at room temperature.
3. Results and discussion
Fig. 1 shows the top-view (a) and cross-section (b) SEM images of
sample TN2. The ﬁlm surface is relatively ﬂat with some voids
as shown in Fig. 1(a) and the ﬁlm thickness measured from the
cross-section SEM image in Fig. 1(b) is about 155 nm. Fig. 2 displays
Ni XPS spectra for sample TN2. The Ni 2p peaks of the XPS curve
were decomposed using the curve ﬁtting program XPSPEAK 4.1
[17]. It is found that the binding energy of Ni 2p3/2 is about
854.7 eV and 862.3 eV for the main peak and the satellite respective-
ly. This main peak is different from those of metal Ni0 (852.6 eV) and
Ni3+ (856.1 eV) [18]. These values are very near to those of Ni2+
(854.4 eV, 861.5 eV [19] and 854.4 eV, 861.0 eV [20]). Additionally,
the binding energy of O 1 s (not shown), is about 530.1 eV, near the
values (529.6 eV and 529.7 eV [19,20]), which indicates that the
chemical valence of Ni in the present ﬁlm may be in +2.
Fig. 3(a) shows the XRD patterns of Ni-doped TiO2 ﬁlms prepared
on silicon substrates with different annealing time. It is found that all
samples are mixed crystalline, i.e. including anatase and rutile
phases. With increasing annealing time, the diffraction peaks ofanatase phase gradually diminish in intensity and the diffraction pat-
terns of rutile phase become predominant. Rutile contents of the
ﬁlms are calculated according to the experiential formula [16,21]:
R% = 1 / [1 + 0.8(IA / IR)], where R% is the weight fraction of rutile
phase in the samples, IA and IR is the X-ray integrated intensities of
the (101) reﬂection of anatase and the (110) reﬂection of rutile, respec-
tively. As seen in Fig. 3(b), rutile content of the ﬁlms obviously increases
with annealing time. Rutile fractions for TN1, TN2, TN3 and TN4 are
about 4%, 34%, 80% and 92%, respectively.
According to the ellipsometric spectra, optical constants and other
physical parameters can be extracted by an appropriate ﬁtting model.
In order to estimate the optical constants/dielectric functions of
Ni-doped TiO2 ﬁlms, a three-phase layered system (air/ﬁlm/substrate)
[15] was utilized to study the ellipsometric spectra. TiO2 belongs to
the wide band gap semiconductors. Considering the contribution
of the M0 type critical point with the lowest three dimensions, its
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Fig. 3. XRD patterns of Ni-doped TiO2 ﬁlms (a) and rutile content of the ﬁlms vs. annealing time (b).
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ε(Ε) = ε∞ + {A0[2 − (1 + χ0)1/2 − (1 − χ0)1/2]} / (EOBG2/3 χ02). In the
model, E is the incident photon energy, ε∞ is the high-frequency dielec-
tric constant, χ0 = (E + iΓ), EOBG is the optical gap energy, and A0 and
Γ are the strength and broadening parameters of the EOBG transition, re-
spectively. As an example, the experimental SE of the ﬁlm TN1 at an in-
cident angle 70° by dot scatter is shown in Fig. 4. The Fabry–Pérot
interference oscillations due to multiple reﬂections within the ﬁlm
have been found in the photon energy from 1.5 eV to 3.5 eV (354 nm–
826 nm), which indicates that the ﬁlms are transparent in this region.
Note that a good agreement of the experimental and calculated spectra
is attained in the whole measured photon energy range. The ﬁtting
thickness for ﬁlm TN2 is 159 nm, which is very near to the value
obtained by SEM (see Fig. 1(b)).
The best-ﬁt parameter values in the Adachi's model for all samples
can be extracted by the Levenberg–Marquardt algorithm in the
nonlinear least-squares curve ﬁtting. The ﬁtting parameters for all sam-
ples and the coefﬁcients of reliance R2 for the ﬁts are summarized in
Table 1. As seen in the table, the broadening parameters Γ of the EOBG
transition of Ti0.95Ni0.05 ﬁlms are varied from 0.03 eV to 0.07 eV, indi-
cating that the fundamental absorption edge becomes much sharper
with decreasing rutile content. While the EOBG values decrease from
3.52 eV to 3.35 eV with increasing the rutile fraction (as seen in
Fig. 6(b)). These EOBG values are larger than that of the disorder TiO2
ﬁlms [13,14], but close to these of pure rutile or anatase TiO2 ﬁlms
[23]. It is well-known that the EOBG value decreases with increasing
the fraction of rutile phase because the EOBG of rutile phase is smaller
than that of anatase phase. Thus, the behavior of tunable EOBG caused1.5 2.0 2.5 3.0 3.5 4.0 4.5
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Fig. 4. Experimental and ﬁtting SE of ﬁlm TN2.by the phase composition can increase the visible light absorption. In
addition, inﬂuence of the structural and/or electrical disorders in the
ﬁlms on the EOBG value should be taken into account. Firstly, it is
well-known that oxygen vacancies will be existed because the ﬁlms
are annealed at high temperature in air [21] and Ti4+ ions substituted
by Ni2+ ions in order to keep the charge neutrality. These vacancies
may result in electronic disorder of the mixed crystal ﬁlms [13,14].
Secondly, the present ﬁlms are mixed crystal, and there are many
anatase–rutile junctions. During the course of the ART, rutile nuclei
formed within the anatase phase grows in size, eventually consuming
the surrounding anatase [16]. In other words, rutile phase exists in an-
atase phase. The existence of the junctions enhances not only structural
but also electric disorders. Themigration across the anatase/rutile inter-
faces is argued to be the result of a staggered band alignment, thus the
junction can enhance charge separation, which results in the optical ab-
sorption red-shift [5–7,9–11]. Thus, the increment of these structural
and/or electronic disorders may also induce the decrease of the EOBG.
The correlations between refractive index n, extinct coefﬁcient k
and real part ε1, imaging part ε2 of complex dielectric function ε is
ε1 = n2 − k2 and ε2 = 2nk. Fig. 5 exhibits wavelength dependence
of n and k of Ti0.95Ni0.05O2 ﬁlms. It is found that with increasing
wavelength, the n and k values gradually increase and approach the
maximum, and ﬁnally decrease, which is common for transparent
materials in the visible range. The peaks may be assigned to the tran-
sitions between the critical points or lines with high symmetry in the
Brillouin zone, termed as Van Hove singularities [23]. Note that the n
value increases with increasing fraction of the rutile phase because
the refractive index of rutile phase is larger than that of anatase
phase. Additionally, the porosity of ﬁlms could bring a contribution
to the refractive index because the increase of porosity may induce
more voids and less reﬂectivity. The Ti0.95Ni0.05O2 ﬁlm surface may
be porous (see Fig. 1(a)), but the surface layer could generally be sev-
eral nanometers, which is much less than the ﬁlm thickness. Thus, the
surface rough layer can be neglected owing to a smaller thickness
value, whose contribution should be slight in the evaluation of theTable 1
The Ni atom composition CNi derived by the XPS spectra, the coefﬁcients of reliance R2,
ﬁlm thickness and the parameter value of Adachi's model for mixed crystal Ni-doped
TiO2 ﬁlms extracted from the simulation of experimental SE.
Samples Г EOBG ε∞ A0 Film thickness d R2 CNi
(eV) (eV) (eV)3/2 (nm) (%)
TN1 0.03 3.52 0.61 120 173 0.971 4.8
TN2 0.05 3.41 0.10 129 159 0.988 4.7
TN3 0.06 3.38 0.10 137 171 0.978 4.8
TN4 0.07 3.36 0.52 124 167 0.98 4.9
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Fig. 5. n and k of Ni-doped TiO2 ﬁlms vs. wavelength.
165H. Gao et al. / Surface & Coatings Technology 228 (2013) 162–166optical properties [24]. In addition, for TN1 sample with little rutile
content, the extinction coefﬁcient k almost retains at zero in the pho-
ton energy from 1.5 to 3.0 eV (413–826 nm), but the k value in-
creases slowly with increasing photon energy and reaches to 0.25 as
the photon energy reaches the absorption edge about 3.51 eV. With
increasing rutile content, the k values nearby the absorption edges
are not sharper because of the so-called Urbach-band tail states,
which may originate from the related defect effects in the ﬁlms [2,23].
Fig. 6(a) shows the correlation between the rutile fraction and the
n values at 600 nm. These n values are smaller than those of the liter-
ature [14], which may be caused by doping and different processes of
ﬁlm preparation. The variation of n with the rutile fraction could be
ﬁtted well with the Drude's model [1], which is about the refractive3.36
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Fig. 6. The n values at 600 nm (a) and EOBG dependence of the rutile fraction (b).index of dielectric mixture: n = (k1n12 + k2n22)1/2, where n1 and k1
are the refractive index and volume fraction of anatase phase respec-
tively, n2 and k2 for rutile phase. The good agreement between the
two data indicates that the refractive index of the mixed TiO2 ﬁlms
is expressed by Drude's model.
Magnetization (M) versus magnetic ﬁeld (H) curves of Ti0.95Ni0.05O2
ﬁlmswere displayed in Fig. 7. Ferromagnetic behaviorswere clearly ob-
served for all ﬁlms except the sample TN3, which are similar to those of
the literatures [25–28]. However, the result is different from those of
the theory reports [29–31], which suggested that the Ni-doped TiO2
system is not magnetic. The M value of TN1 was the largest and about
450 emu/cm3, and the values of other samples decreasewith increasing
rutile contents. The M value for ﬁlm TN1 is larger than those of the re-
ports [28]. Note that theM vs H for TN3 degenerates into paramagnetic
states, which is unusual and different from the magnetic results of the
literatures [26–28].
As seen from Table 1, Ni fraction of samples (the Ni atom compo-
sition is derived by the XPS spectra) has little change, which indicates
that the magnetic evolution of Ti0.95Ni0.05O2 may be mainly related to
phase composition change. The ferromagnetic properties of Ni-doped
TiO2 systemwith single phase have been widely investigated, howev-
er, there are no the reports of magnetic change due to phase fraction
change. Recently, Bahadur et al. found that the magnetic moment of
Ni-doped mixed crystalline TiO2 powders increases and then de-
creases with increasing Ni content [27]. They suggested that the
observed ferromagnetic states may originate from the spin ordering
through exchange interaction between holes trapped in oxygen 2p
orbital adjacent to Ni site, which substitutes Ti sites. While, in their
reports, rutile content decreases with increasing Ni content, indicat-
ing that their theory may not work for our samples because rutile
content of the Ti0.95Ni0.05O2 ﬁlms increases. It is known that TiO2
shows a strong polaronic effect in which the carrier effective mass be-
comes bigger due to strong electron–phonon interactions [32,33]. A
polaronic electron will cost most of its time near an oxygen vacancy
when it is trapped in the vacancy. Then the trapped electron can
form an F-center. In the center, the trapped electron occupying an
orbital effectively overlaps the d shells of surrounding magnetic
ions. Therefore, a possible origin of ferromagnetism is an F-center
bound magnetic polaron, which is formed by an electron trapped in
an oxygen vacancy and neighbor magnetic impurity ions [28,34]. In
other words, the room-temperature ferromagnetism of Ni-doped
TiO2 ﬁlms was induced mainly by the magnetic polarons formed by
localized electrons surrounded by magnetic impurities. There are
oxygen vacancies in our samples, which suggest that the magnetic
properties may be related to the magnetic polarons. During the
course of the ART, the ARJs come out. Their existence may destroy-10000 -5000 0 5000 10000
-800
-600
-400
-200
0
200
400
600
800
TN4
TN3
TN2
TN1
External Field (Oe)
M
ag
ne
tiz
at
io
n 
(em
u/c
m3
)
Fig. 7. M–H curves of Ni-doped TiO2 ﬁlms.
166 H. Gao et al. / Surface & Coatings Technology 228 (2013) 162–166the magnetic polarons, which results in the decrease of the magneti-
zation. When the ART has completed, the magnetization enhances
again because the magnetic polarons in the ﬁlms are recovered due
to extinct of the ARJ. Of course, the magnetic mechanism of mixed
crystal Ni-doped TiO2 is an open issue and needs to be further studied
in depth.
4. Conclusions
The Ti0.95Ni0.05O2 ﬁlms were deposited on Si substrates by sol–gel
technique with different annealing time. All the ﬁlms are mixed crystal.
Both the refractive index and extinct coefﬁcient of the ﬁlms increase
with increasing rutile content. With increasing rutile fraction, the opti-
cal band gap EOBG reduces and the refractive index at 600 nm abides
byDrude'smodel. Themagnetic evolution of the ﬁlms is from ferromag-
netic, paramagnetic and then to ferromagnetic states with increasing
rutile fraction. These results may be related to the magnetic polarons
in the Ni-doped TiO2 ﬁlms. The present work indicates that optical
andmagnetic properties of Ni-doped TiO2ﬁlms can be tuned by control-
ling phase fraction. The ﬁnal explanation on their magnetic properties
still remains a puzzle, and the true mechanism deserves further study.
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